ABSTRACT: Growth of perovskite oxide thin films on Si in crystalline form has long been a critical obstacle for the integration of multifunctional oxides into Si-based technologies. In this study, we propose pulsed laser deposition of a crystalline SrTiO 3 thin film on a Si using graphene substrate. The SrTiO 3 thin film on graphene has a highly (00l)-oriented crystalline structure which results from the partial epitaxy. Moreover, graphene promotes a sharp 2 interface by highly suppressing the chemical intermixing. The important role of graphene as a 2D substrate and diffusion barrier allows expansion of device applications based on functional complex oxides.
chemically unstable over 400°C, resulting in the formation of a detrimental intermediate layer such as amorphous SiO 2 (a-SiO 2 ) or silicides (SrSi 2 and/or TiSi 2 ) at the oxide/Si interface. 7, 11, [13] [14] [15] In an attempt to minimize the influence of the interface and enhance the crystallinity of the SrTiO 3 thin film, previous studies employed complicated approaches such as stepped growth, ultraviolet ozone treatment, and the use of high-flux sources.
7, [11] [12] 16 Most of these examples were based on molecular beam epitaxy (MBE) which was quite successful in obtaining single-crystalline SrTiO 3 . Nevertheless, the use of more accessible growth techniques such as sputtering and pulsed laser deposition (PLD) can also be envisaged. While PLD has some drawbacks such as limitations in the sample size, the growth of singlecrystalline SrTiO 3 thin films on Si could economically expand the study of complex oxide materials systems on Si.
In this paper, we report the growth of a highly oriented SrTiO 3 thin film on Si by using graphene as the 2D substrate. Despite the large lattice and symmetry mismatches, the SrTiO 3 thin film shows a highly (00l)-oriented crystal structure on the graphene transferred onto SiO 2 /Si substrate. In addition, the graphene layer promotes a sharp interface without the presence of a detrimental intermediate layer, which suggests that the graphene also serves as a suitable diffusion barrier.
In order to examine the suitability of graphene as a 2D substrate for crystalline complex oxides, we used PLD to grow SrTiO 3 thin films on graphene-covered a-SiO 2 /Si substrates.
The chemical-vapor-deposition-grown graphene was transferred onto a-SiO 2 /Si (001)
substrate. PLD was subsequently used to grow SrTiO 3 thin films on graphene substrate at 700°C. Low oxygen partial pressure (~10 −6 Torr) was employed in order to prevent oxidization of the graphene layer. For comparison, SrTiO 3 thin films were also deposited on a bare a-SiO 2 /Si substrate at the same time.
Structural characterization of the SrTiO 3 thin film on graphene substrate confirmed a crystalline structure with predominant (00l) orientation, as shown schematically in Figure 1a .
Figure 1b shows x-ray diffraction (XRD) θ-2θ scans and x-ray reflectivity (XRR) results of the SrTiO 3 thin film grown on the a-SiO 2 /Si substrate with (red) and without (blue) graphene.
The XRD result of the SrTiO 3 thin film on graphene shows clear (00l) SrTiO 3 peaks, indicating a highly (00l)-oriented thin film. While weak signatures of (110), (111), and (211) SrTiO 3 peaks (at 2θ = 32.50°, 40.03°, and 57.84°, respectively) are also present indicating that the film is not fully single-crystalline, there is a stark distinction between the SrTiO 3 thin film on graphene and a-SiO 2 /Si. Indeed, the thin film on a-SiO 2 /Si without graphene does not suggest any crystalline structures, except for miniscule hints of (110), (111), (002), and (211) SrTiO 3 peaks. Instead, the wide bump at low 2θ angles indicates that, as predicted, the film is The coherent growth of the SrTiO 3 thin film on graphene might seem rather surprising at first sight, especially considering the mismatch in crystalline symmetry between the film and substrate. In particular, the (111) surface of SrTiO 3 seems to be epitaxially more favorable for being attached on top of the honeycomb structure of graphene, due to its hexagonal symmetry.
However, this is not the case apparently, because of the following reasons. First, the lattice mismatch for epitaxial growth is actually greater for (111)-oriented SrTiO 3 than for (001)-oriented SrTiO 3 on graphene. A lattice mismatch calculation reveals that the epitaxial strain induced by graphene on the (111) SrTiO 3 thin film is ~11.23%, whereas it reduces to 8.72%
(armchair direction) and −5.40% (zigzag direction) for the (001) SrTiO 3 thin film if we consider a simple square box on top of the hexagonal network (see Figure S1 in Supporting Information). Second, the surface energy (E S ) is lowest for the (001) surface of SrTiO 3 .
According to a recent density functional theory calculation, E S (100) (≈ 6.8 eV/nm 2 ) is the lowest among the surface energies of low Miller-index surfaces, by a factor of at least three.
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When ablated species arrive at heated substrates, atoms tend to form a new surface with the lowest surface energy. Third, an atomic termination layer for the (001) SrTiO 3 surface (TiO 2 layer) has higher adsorption and migration energies on graphene compared to that for the (111) surface (Ti-only layer). In particular, oxygen (4.79 eV) has higher adsorption energy than does Ti (3.27 eV), which suggests that it is more favorable to form a TiO 2 layer on top of graphene instead of a Ti-only layer. On the other hand, Sr has the lowest adsorption energy (0.33 eV) among the elements, suggesting that the Ti-containing layer should be attached on graphene. 22 This is in agreement with our TEM observation.
The discussion on the bonding nature and epitaxial strain provides further insight into the growth of the highly oriented SrTiO 3 thin film on graphene substrate. We first demonstrate that the bonding between graphene and SrTiO 3 is not purely a van der Waals interaction. The thin film on graphene. 23 It should further be noted that the lattice constant calculated from XRD peaks other than the main (00l) peaks is almost consistent with the bulk value. This indicates that the highly oriented main part of the SrTiO 3 thin film is epitaxially strained, whereas other small disoriented regions might be partially relaxed. The moderate strength of the bonding between 2D graphene and the SrTiO 3 thin film seems to promote the highly oriented crystalline growth by overcoming the symmetry and lattice mismatches. 17 Another possible mechanism of the partial epitaxial growth notwithstanding with the previous discussion is thermal mismatch between SrTiO 3 and graphene. 24 The thermal expansion coefficients of SrTiO 3 , graphene, and Si are 9.0 × 10 −6 K −1 , −8.0 × 10 −6 K −1 and 2.5 × 10 −6 K −1 , respectively, exhibiting a large difference.
In addition to facilitating the partially epitaxial growth of SrTiO 3 , the graphene layer efficiently limits the intermixing of elements during the highly energetic PLD. While such an effect has been demonstrated within perovskite oxide heterostructures, 25 the effect shown in the present study is much more pronounced owing to the structural robustness of graphene.
As shown in Figure 2a , the SrTiO 3 thin film grown on graphene substrate has a sharp interface, which is also confirmed from the XRR result (Figure 1b) . In contrast, for the thin film without graphene, it is rather difficult to identify the interface between the SrTiO 3 thin film and the a-SiO 2 /Si substrate, as shown in Figure 2b . This indicates severe elemental intermixing at the interface during the high temperature deposition. Furthermore, the obscure interface adversely influences the lattice arrangement of the entire thin film and results in the formation of an amorphous phase of the SrTiO 3 layers. The observation of a well-defined interface in the SrTiO 3 thin film on graphene substrate should be also beneficial for controlling the physical properties, since the possible SiO x layer is subject to direct tunneling leakage and poor reliability. 26 This result indicates that the graphene layer plays the role of a robust diffusion barrier without requiring complicated approaches for the stabilization of the heterointerface. The use of graphene substrate within PLD is comparable to the Sr layer engineering in MBE, which also reduces the intermixing.
27 Figure 3 shows the Raman spectrum of the SrTiO 3 grown on graphene. The spectra of the SrTiO 3 thin film without graphene and that of pristine graphene transferred onto a Si substrate are also shown for comparison. First, we observe the Raman peaks originating from the graphene layer for the SrTiO 3 on graphene, although both G (~1600 cm −1 ) and 2D (~2680 cm −1 ) peaks are rather broad. In addition, we notice D peak (~1360 cm −1 ), which can be possibly attributed to the disorder induced by the growth of the SrTiO 3 thin film at high temperature. The 2D peak for the SrTiO 3 on graphene shows a slight blue-shift compared to the bare graphene. This shift might be due to a combined effect of strain and oxidation in graphene layer. 28 Three peaks originating from the SrTiO 3 thin film (indicated by yellow arrows) are also visible: TO 1 (~100 cm −1 ), LO 4 (~800 cm −1 ), and an unidentified peak at ~1360 cm −1 . 29 The peak at ~1360 cm −1 , which overlaps with the D peak of graphene, has been previously reported for the SrTiO 3 thin film, although it has not been attributed to any specific phonon mode. 
Transmission electron microscopy (TEM).
We prepared the sample foil by using the conventional method, which entailed mechanical thinning to ~10 μm and subsequent ion beam milling to electron transparency at an acceleration voltage of 0.5-3.5 kV using an Ar ion beam. The atomic strcuture was observed using a TEM instrument (JEOL JEM-ARM200F, JEOL, Ltd., Japan). The probe diameter of the beam was ~0.9 Å.
3. Raman spectroscopy and resistivity measurements.
The Raman spectra of all samples were acquired using a Renishaw Raman spectrometer The graphene substrate induces lower resistance in the SrTiO 3 thin film by establishing the crystal structure as well as enabling electric conduction. Figure S2 shows the sheet resistance of the thin films as a function of temperature. Since the SrTiO 3 thin films were grown at low oxygen partial pressure, abundant oxygen vacancies could be induced, which resulted in the generation of free charge carriers. However, the resistivities reveal semiconducting temperature dependence, which might be due to the disorder induced by the grain boundaries.
Nevertheless, the SrTiO 3 thin film on graphene substrate showed lower electric resistance 
